Extrinsic signals received by a cell can induce remodeling of the cytoskeleton, but the downstream effects of cytoskeletal changes on gene expression have not been well studied. Here, we show that during telophase of an asymmetric division in C. elegans, extrinsic Wnt signaling modulates spindle structures through APR-1/APC, which in turn promotes asymmetrical nuclear localization of WRM-1/b-catenin and POP-1/TCF. APR-1 that localized asymmetrically along the cortex established asymmetric distribution of astral microtubules, with more microtubules found on the anterior side. Perturbation of the Wnt signaling pathway altered this microtubule asymmetry and led to changes in nuclear WRM-1 asymmetry, gene expression, and cell-fate determination. Direct manipulation of spindle asymmetry by laser irradiation altered the asymmetric distribution of nuclear WRM-1. Moreover, laser manipulation of the spindles rescued defects in nuclear POP-1 asymmetry in wnt mutants. Our results reveal a mechanism in which the nuclear localization of proteins is regulated through the modulation of microtubules.
INTRODUCTION
Extrinsic signals can regulate gene transcription in the nuclei as well as the cytoskeletal network in the cytoplasm. Regulation of the cytoskeleton is generally considered to be a process independent from gene transcription or a consequence-rather than cause-of gene transcription. One example counter to this prevailing notion is the ability of actin polymerization triggered by extrinsic signals to directly influence gene expression and differentiation (Miralles et al., 2003) . These effects are elicited by the MAL transcription factor, which binds to unpolymerized actin in the cytoplasm and is transported to the nucleus upon actin polymerization where it regulates target genes (Miralles et al., 2003) . The effects of regulating other major cytoskeletal components, such as microtubules, on gene expression have not been reported.
One example of an extrinsic signal that regulates both the cytoskeleton and gene transcription is the Wnt protein. This protein plays important roles in many developmental processes, including self-renewing stem cell divisions (Clevers, 2006) . The canonical Wnt pathway regulates target gene expression in the nucleus through the interaction of b-catenin and TCF. In this pathway, b-catenin localization to the nucleus is crucial to activate transcription of the target genes (Cadigan and Peifer, 2009) . However, it is not clear how b-catenin is directed to the nucleus, as b-catenin does not have conventional nuclear import or export signals (Eleftheriou et al., 2001; Fagotto et al., 1998; Wiechens and Fagotto, 2001; Yokoya et al., 1999) . One report suggests that the APC tumor suppressor protein is involved in the nuclear export of b-catenin, as well as its degradation (Brocardo and Henderson, 2008) . Besides regulating transcription, Wnt signals also stabilize microtubules through APC, possibly through the APC binding to microtubule plus ends (MimoriKiyosue et al., 2000a; Zumbrunn et al., 2001 ). This function of APC is required for cell migration and axon guidance (EtienneManneville and Hall, 2003; Purro et al., 2008) , but its involvement in b-catenin regulation has not been demonstrated.
In Caenorhabditis elegans, canonical Wnt pathway components, including WRM-1/b-catenin and APR-1/APC, control the asymmetric divisions of a number of cells through the Wnt/ b-catenin asymmetry pathway (Mizumoto and Sawa, 2007b; Phillips and Kimble, 2009) . For example, the T cell in the larval tail is polarized by LIN-44/Wnt expressed in the posterior side of the cell (Goldstein et al., 2006; Herman et al., 1995) . This polarization causes the asymmetric localization of Wnt signaling components to the cell cortex; Dishevelled homologs (DSH-2 and MIG-5, two of three homologs in C. elegans) to the posterior cell cortex, and WRM-1/b-catenin and APR-1/APC to the anterior cortex (Mizumoto and Sawa, 2007a) . At telophase, in addition to localizing to the anterior cortex, WRM-1 also starts to localize to the posterior nucleus (nuclear WRM-1 asymmetry) (Takeshita and Sawa, 2005) . Nuclear WRM-1 regulates the nuclear export of POP-1/TCF, causing reciprocal nuclear asymmetry of WRM-1 and POP-1 (Lo et al., 2004) . Similar asymmetric localizations of DSH-2, WRM-1, and POP-1 have been observed in the embryonic EMS cell, which also undergoes Wnt-dependent asymmetric division (Lin et al., 1995; Nakamura et al., 2005; Walston et al., 2004) . Experiments in which WRM-1 was expressed uniformly on the T cell cortex showed that WRM-1 on the anterior cortex not only recruits APR-1 to the cortex, but also inhibits WRM-1 itself from localizing to the anterior nucleus, so that it accumulates at the posterior nucleus. In addition, APR-1 is required for nuclear asymmetry and efficient nuclear export of WRM-1 (Mizumoto and Sawa, 2007a) . However, the mechanism by which cortical WRM-1 and APR-1 regulate nuclear WRM-1 asymmetry remains elusive.
Focusing on the EMS cell division, we found that microtubules and kinesins are required for nuclear WRM-1 and POP-1 asymmetry. During this division, the number of astral microtubules became higher in the anterior than posterior side. This spindle asymmetry was disrupted in mutants of apr-1, as well as in those of mom-2/wnt and wrm-1, which also showed defects in cortical APR-1 localization. To determine the importance of spindle asymmetry for WRM-1 asymmetry, we disrupted or enhanced the spindle asymmetry by laser irradiation of the centrosomes, and we found that the nuclear WRM-1 asymmetry was lost and enhanced, respectively. Moreover, in wnt mutants, restoration of the spindle asymmetry with laser treatment rescued the nuclear POP-1 asymmetry. These results strongly suggest that the nuclear WRM-1 and POP-1 asymmetries are regulated by spindle asymmetry. Our study reveals a microtubule-mediated link between extrinsic signals and gene expression.
RESULTS

Nuclear WRM-1 Asymmetry Requires Microtubules
In the early embryogenesis of C. elegans, asymmetric EMS cell division is regulated by mom-2/wnt expressed in a P2 cell that attaches to the EMS cell posterior cortex. After the division, the anterior MS and posterior E daughters produce muscle and gut, respectively. However, in mom-2 mutants, the posterior E daughter has levels of nuclear WRM-1 and POP-1 similar to the anterior MS daughter (Nakamura et al., 2005; Rocheleau et al., 1997) and adopts an MS-like fate, resulting in the gutless phenotype (Rocheleau et al., 1997; Thorpe et al., 1997) . To study the role of microtubules in nuclear WRM-1 and POP-1 asymmetry, we treated EMS cells with vinblastine or nocodazole at anaphase to destabilize the microtubules without disrupting the cell division itself (see the Experimental Procedures; data not shown). After division, we found that nuclear WRM-1 was symmetric ( Figures 1C and 1G ). In addition, POP-1 signal in the anterior nucleus was significantly decreased, resulting in more symmetric localization ( Figures 1D and 1H ). These results suggest that microtubules are necessary to establish the nuclear WRM-1 and POP-1 asymmetries and are consistent with a previous observation that a microtubule destabilizing drug inhibits gut production (Goldstein, 1995a) .
Astral Microtubule Numbers Become Asymmetric during EMS Division
To determine how microtubules regulate the WRM-1 and POP-1 asymmetry, we examined whether the microtubule organization is itself asymmetric. In embryos immunostained for endogenous a-tubulin, we manually counted the number of astral microtubules emanating from each anterior or posterior centrosome during EMS division. We found that the numbers of astral microtubules were asymmetric after metaphase and that the anterior spindle pole had more astral microtubules than the posterior pole (Figure 2A and Figure S1 available online). This microtubule number asymmetry (hereafter called spindle asymmetry) became most prominent at telophase (Figure 2A) . Analyses of the number of astral microtubules in living embryos expressing GFP::b-tubulin confirmed the asymmetry to be strongest at telophase ( Figure 2B ; 0-240 s). Consistent with this observation, the amount of a-tubulin around each centrosome was asymmetric at telophase, as measured by immunostaining and normalized to the amount of g-tubulin ( Figure S2B ). To further confirm the spindle asymmetry, we quantified GFP::b-tubulin intensities in the entire anterior or posterior halves of the EMS cell and mathematically estimated the GFP signals corresponding to astral microtubules. Astral microtubule intensity was defined as the signals found between the strong signals of the centrosomal regions and the weak background signals (estimated from signals in regions that do not contain microtubules). We found that the numbers of pixels corresponding to microtubules are larger in the anterior than posterior sides ( Figure S2A ). Based on these results, we concluded that the astral microtubule numbers are asymmetric during EMS division, most prominently at telophase.
The Asymmetric Spindle Is Regulated by Wnt Signaling
Because the mitotic spindle in the EMS cell is oriented along the anterior-posterior axis through the functions of MOM-2/ Wnt by metaphase (Goldstein, 1995b; Schlesinger et al., 1999) , we analyzed whether various Wnt signaling components are involved in establishing the spindle asymmetry. In mom-2 or mom-5/frizzled embryos, there appeared to be fewer microtubules in the anterior and more microtubules in the posterior halves, albeit not significantly, than those in the wild-type. Accordingly, the difference between the number of anterior and posterior microtubules was significantly decreased in both embryos (p value = 0.03 and 0.05 in mom-2 and mom-5, respectively), thereby disrupting the spindle asymmetry ( Figures 2C and  2D and Figure S2C ). In dsh-2(RNAi) [hereafter called dsh(RNAi)], wrm-1(RNAi), and apr-1(RNAi) embryos, the anterior microtubule numbers were significantly decreased compared to those of control embryos, resulting in nearly symmetric microtubule numbers ( Figure 2D and Figure S2C ). Because apr-1 and wrm-1 are not involved in spindle orientation (Schlesinger et al., 1999) , our results indicate that spindle asymmetry is regulated independently of spindle orientation by the Wnt/b-catenin asymmetry pathway.
Spindle Asymmetry Is Likely to Be Regulated by Cortical APR-1/APC How does Wnt signaling regulate spindle asymmetry? APR-1/ APC may be a key regulator, since APC is known to regulate microtubules (Munemitsu et al., 1994) . In postembryonic seam cells, Wnt signaling promotes the asymmetrical localization of APR-1 (Mizumoto and Sawa, 2007a) . Similarly, in the EMS cell, we found that a GFP fusion protein of APR-1 localized asymmetrically to the anterior cell cortex (APR-1 asymmetry) ( Figure 3A , arrowheads indicate the EMS cell cortex). We analyzed the kinetics of GFP::APR-1 localization during division by quantifying the signal intensities in the anterior and posterior cell cortex ( Figure S3A ). Before the onset of mitosis, the APR-1 localization was not polarized. However, when the EMS cell entered mitosis, APR-1 gradually became asymmetrical, with the strongest asymmetry at telophase (Figure 3A and Figure S3A) . Notably, the kinetics of APR-1 localization and of spindle asymmetry were similar during division (compare Figure 2A and Figure S3A ).
Next, we analyzed the APR-1 localization in Wnt-signaling mutants or RNA interference (RNAi) embryos. In mom-2(or309) or mom-5(ne12) embryos, although the signal intensities on the anterior or posterior cortex were not significantly altered, the differences in signal intensity were significantly smaller (Welch's test; p < 0.01), resulting in symmetric APR-1 localization. dsh(RNAi) caused symmetric localization as well as a significant n.s.
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(n = 10) (n = 10) (n = 10) Figure 1 . Microtubules Are Required for the Nuclear WRM-1 and POP-1 Asymmetries (A-F) Drug effect on nuclear asymmetry. Embryos were treated with 0.2% DMSO (control) (A and B), 100 nM vinblastine (microtubule disruptor) (C and D), and 10 mM aurintricarboxylic acid (ATA; kinesin inhibitor) (E and F) at EMS cell anaphase. Embryos were imaged for GFP::WRM-1 (A, C, and E) or GFP::POP-1 (B, D, and F) 5 min after furrowing onset (1 min after completion of the division). The scale bar represents 10 mm. White and whitedotted lines outline EMS daughters (MS and E) and their nuclei, respectively. Anterior is to the left. (G and H) Quantified anterior (gray bar, A) and posterior (dotted bar, P) nuclear GFP::WRM-1 (G) and GFP::POP-1 (H) fluorescence from images, acquired as described in (A)-(F). A.U., arbitrary units. Error bars indicate 95% confidence intervals. Asterisk (*), double asterisk (**), and n.s. indicate the significance of differences between the anterior and posterior sides (Welch's t test; *p < 0.05; **p < 0.01; n.s., p > 0.05).
reduction in the anterior GFP::APR-1 levels ( Figure 3B and Figure S3B ). Although wrm-1(RNAi) embryos still showed significant asymmetry in GFP::APR-1 levels, the intensity of the anterior signal was significantly reduced. As with the localization kinetics, the effect of these mutations or RNAi on GFP::APR-1 localization strongly correlated with their effects on spindle asymmetry (compare Figure 2D and Figure 3B) . Our results strongly suggest that spindle asymmetry depends on the cortical GFP::APR-1 level.
The number of microtubules depends on microtubule nucleation rate and stability. To analyze which of the factors is the cause for spindle asymmetry, we used living embryos expressing GFP::EBP-1. EBP-1 is a C. elegans homolog of the mammalian EB1 protein, which binds to microtubule plus ends and was used to analyze microtubule dynamics (Mimori-Kiyosue et al., 2000b; Srayko et al., 2005) . We measured the number and speed of GFP::EBP-1 comets around the centrosomes for 5 s to measure microtubule nucleation and polymerization rates, respectively, and we found that these factors were neither significantly asymmetric nor affected by apr-1 knockdown ( Figures  S3D-S3F ). Then, we examined the possibility that APR-1 on the cell cortex affects the local microtubule stability similar to mammalian APC. We measured the EBP-1 residency time on the cortex and found that EBP-1 comets persisted for a longer time on the anterior than on the posterior cortex (67% and 27% comets persisted longer than 5 s on the anterior and posterior cortex, respectively) ( Figures 3C and 3D ). In apr-1(RNAi), EBP-1 comets on the anterior cortex rapidly detached themselves from the cortex (27% comets persisted longer than 5 s) similar to the posterior cortex ( Figures 3C and 3D ). These results (n = 10) (n = 7) (n = 6) (n = 7) (n = 5) (n = 5) (n = 11) ** suggest that APR-1 regulates local microtubule stability on the anterior cell cortex. Consistent with this activity, 71% of the GFP::APR-1 dots (n = 80) on the anterior cortex colocalized with astral microtubules (n = 57), and 77% of the astral microtubules at the anterior cortex (n = 57) colocalized with APR-1 dots (n = 44) ( Figure S3C ). These results suggest that anteriorly localized APR-1 binds and stabilizes plus ends of astral microtubules at the anterior cortex, creating spindle asymmetry.
Correlation between Spindle Asymmetry and Asymmetric Cell Fate
To reveal the importance of spindle asymmetry in cell fate, we analyzed the relationship between defects in spindle asymmetry and asymmetric division in mom-2(RNAi) embryos, which have a weaker phenotype than mom-2(or309null). We first counted the number of astral microtubules during EMS division at telophase using GFP::b-tubulin; then, (1) about 30 min later, we analyzed expression levels of end-1::NLS::lacZ, which is normally expressed only in descendants of the posterior daughter (E) of the EMS cell (Maduro et al., 2005) by immunostaining for LacZ, or (2) about half a day later, we analyzed defects in asymmetric cell fate as evidenced by the absence of gut auto-fluorescence, which is normally produced by the E cell ( Figure 4A ). In wild-type embryos in experiment 1, the ratio of the end-1 reporter expression, represented by log[(fluorescence level of E daughters)/(that of MS daughters)] was higher than 0.38 (n = 16) ( Figure 4B ). mom-2(RNAi) embryos with ratios higher or lower than 0.38 were grouped into END-1high and END1low classes, respectively ( Figures 4B and 4C ). We found that END-1high embryos showed significant spindle asymmetry ( Figures 4C and 4D ). In contrast, END-1low embryos showed nearly symmetric spindle structures ( Figures 4C and 4D) . Consistently, in experiment 2, we found that embryos with and without gut production (Gut+ and Gutless, respectively, in Figure 4D ) showed asymmetric and nearly symmetric spindles, respectively. These results suggest that spindle asymmetry plays an important role in regulating asymmetric transcriptional activities and asymmetric cell fates.
Experimental Manipulation of Spindle Asymmetry Affects Nuclear WRM-1 Asymmetry
To examine the importance of spindle asymmetry in WRM-1 nuclear localization, we manipulated the spindle asymmetry by optically induced centrosome disruption (OICD) (Grill et al., 2003) , in which either the anterior or posterior centrosome was irradiated with a laser in a dividing EMS cell at anaphase. The treated embryos were immunostained for GFP::WRM-1, GFP::POP-1 or endogenous POP-1 after the division. After anterior OICD, which disrupted spindle asymmetry ( Figure S4B ) but not the APR-1 localization ( Figure S4C ), the WRM-1 localization was symmetric ( Figures 5A and 5D ). In contrast, posterior OICD, which enhanced spindle asymmetry ( Figures S4A and S4B ), also enhanced the nuclear WRM-1 asymmetry ( Figures 5A and 5D) . Consistent with the effects on the WRM-1 localization, POP-1 asymmetry, which is regulated by nuclear WRM-1, was also significantly decreased by anterior OICD, although its enhancement by posterior OICD was not significant (Figures 5A and 5E ). Furthermore, when we created spindle asymmetry in mom-2(or309) mutants by posterior OICD ( Figure S4B ), the nuclear POP-1 asymmetry was restored ( Figures 5B and 5F ). These results show that asymmetrically organized microtubules are required to establish the nuclear WRM-1 asymmetry.
Kinesins Are Involved in Controlling WRM-1 Asymmetry In mammalian cells, kinesin superfamily 3A (KIF3A)-KIF3B and kinesin-associated protein KAP3 are involved in b-catenin targeting to the cell protrusion (Jimbo et al., 2002) . To analyze the involvement of kinesins, we first used aurintricarboxylic acid (ATA). ATA is a kinesin inhibitor that was found by a structurebased computer screening (Hopkins et al., 2000) . Although its specificity in vivo has not been characterized precisely, ATA is known to inhibit kinesin-dependent processes in neurons and Xenopus (Batut et al., 2007; Lalli et al., 2003) . We found that treating embryos with ATA caused the symmetric localization of nuclear WRM-1 and POP-1 ( Figures 1E-1H ), suggesting that kinesins are involved in WRM-1 asymmetry.
To identify the kinesin genes required for WRM-1 localization, we individually inhibited 15 kinesin genes by mutations or RNAi, and scored the Gutless and Psa (phasmid socket absent) phenotypes (Sawa et al., 2000) that probably result from defects in the asymmetric divisions of EMS and postembryonic T cells, respectively (Table S1 ). We found that klp-18, bmk-1 and klp-15/klp-16 RNAi showed the Gutless phenotype (2.3%, 5%, and 4.4%, respectively) and zen-4(or153ts) mutants showed the Psa phenotype (47%; n > 50) (Table S1 ). Next, to clarify the involvement of these kinesins in asymmetric division, we observed the localizations of WRM-1 and POP-1 in kinesin mutants or RNAitreated animals. In the postembryonic T cell at telophase, the nuclear WRM-1 localization was symmetric in mutants of zen-4, which encodes a homolog of mammalian kinesin-like protein (MKLP) (50%; n = 22, Figure 6A ). ZEN-4 is known to regulate cytokinesis with CYK-4/MgcRacGAP by forming a complex named centralspindlin (Jantsch-Plunger et al., 2000; Mishima et al., 2002) . In fact, both zen-4 (22.7%; n = 22) and cyk-4 (42.1%; n = 19) mutants showed cytokinesis defects in the T cell (Figure 6B) . cyk-4 mutants, however, did not display defects in WRM-1 nuclear localization (n = 11, Figure 6A ), indicating that the WRM-1 localization defect in zen-4 mutants was not an indirect consequence of cytokinesis failure. Consistent with the cytokinesis-independent function, ZEN-4 localized not only to the mid-body, but also to the centrosomes and cell cortex during T cell division ( Figure 6C ). These results suggest that ZEN-4 kinesin functions to regulate nuclear WRM-1 asymmetry.
In embryonic EMS division, although inhibition of klp-15/ klp-16, bmk-1, or zen-4 alone did not show defects in nuclear POP-1 asymmetry ( Figures 6D-6F ), bmk-1;zen-4 double inhibition showed a significant decrease of POP-1 in the anterior nucleus. In bmk-1;zen-4 embryos but not in zen-4 embryos, we found that asymmetry of spindles was weaker than in control embryos, suggesting that bmk-1 may also regulate spindle asymmetry. In contrast, inhibition of klp-18, which encodes a homolog of Xenopus Xklp2, showed a significant decrease of POP-1 in the anterior nucleus without affecting asymmetry of astral microtubules ( Figures 6D, 6E , 6G, and 6H). Together, these results indicate that nuclear WRM-1/POP-1 asymmetry requires kinesins (ZEN-4, BMK-1, and KLP-18), and that KLP-18 and possibly ZEN-4 regulate WRM-1/POP-1 through mediating effects of spindle asymmetry.
DISCUSSION Cortical APR-1/APC Localization and Spindle Asymmetry
We have shown that APR-1 localizes to the anterior cell cortex during EMS division, and that Wnt is required for this localization. This is consistent with the postembryonic T cell division, where APR-1 is recruited to the cortex by cortical WRM-1, inhibiting the WRM-1/b-catenin nuclear localization (Mizumoto and Sawa, 2007a) . The anterior cortical localization of WRM-1 in the EMS cell is regulated by MOM-2/ Wnt signaling from the posterior P2 cell (Nakamura et al., 2005); therefore, mom-2 and mom-5/frizzled likely regulate the APR-1 asymmetry through cortical WRM-1 asymmetry. We also showed that the APR-1 localization also requires Dishevelled homologs DSH-2 and MIG-5. DSH-2 is known to localize to the cell cortex, and to accumulate in the posterior cortex of the EMS cell, at least before its division (Walston et al., 2004) . Although we did not show DSH-2's localization during the EMS division and its localization is reported to be uniform after the late six-cell stage (Walston et al., 2004) , DSH-2 might be enriched at the EMS cell posterior cortex during telophase, as seen in postembryonic seam cells (Mizumoto and Sawa, 2007a) . However, dsh(RNAi) experiments revealed that its effects were observed more strongly in the anterior cortex than in the posterior cortex. Therefore, DSH-2 appears to function at the anterior cortex to recruit APR-1 to the cortex and this action may be inhibited in the posterior cortex, probably by MOM-2. Another possibility is that DSH-2 has both positive and negative roles in APR-1 localization. While DSH-2 functions to localize APR-1 to the cortex, the DSH-2 that is recruited to the posterior cortex by MOM-2 activity might inhibit APR-1 localizing to that area.
We also found that APR-1 is required for asymmetry in microtubule numbers. APR-1 localizes strongly to the anterior cortex and colocalizes with peripheral microtubules. Furthermore, the microtubule plus ends reside for a longer period on the anterior cell cortex than on the posterior cortex in an APR-1-dependent manner. Because the dynamic instability of microtubules is regulated by microtubule growing and shrinking rates at their plus ends (Mitchison and Kirschner, 1984) , capturing microtubule plus ends by APR-1 probably decreases the frequency of 22.5˚C
(n = 9) (n = 6) (n = 10) (n = 7) (n = 8) (n = 6) (n = 6) (n = 8) shrinking, resulting in stabilization of microtubules and formation of asymmetric spindles. In mammals, APC has been observed to stabilize microtubules in migrating epithelial cells. During wound healing, mammalian APC moves to the leading edges (Nä thke et al., 1996) and stabilizes microtubules, probably by binding to their plus ends (Mimori-Kiyosue et al., 2000a; Zumbrunn et al., 2001 ). This APC localization to the leading edges requires Wnt5a (Schlessinger et al., 2007) . Conversely, in growing axons, Wnt3a inhibits APC localization to the tip of microtubules, and the shape of the growth cone is remodeled (Purro et al., 2008) .
In the C. elegans EMS cell, MOM-2 appears to recruit APR-1 to the anterior cortex, as seen in migrating epithelial cells, while it inhibits APR-1 localization to the posterior cortex, as seen in mammalian axons. Our results show that the regulation of microtubules by Wnts through APC plays important roles in animal development.
Models for Establishing Nuclear WRM-1 Asymmetry
We have previously shown that the nuclear export rate of WRM-1::GFP regulated by APR-1 is asymmetric at telophase, being higher in the anterior than the posterior nucleus in a postembryonic cell (Mizumoto and Sawa, 2007a) . Consistent with this finding, when nuclear export is inhibited by imb-4/ exportin(RNAi), WRM-1 accumulates symmetrically in the E and MS nuclei (Nakamura et al., 2005) . Therefore, spindle asymmetry likely regulates the nuclear export of WRM-1. In mouse embryonic fibroblasts and young adult colon cells, the inhibition of kinesin superfamily proteins Kif3a or KHC, enhances nuclear accumulation of b-catenin (Corbit et al., 2008; Cui et al., 2002) . Furthermore, in Madin-Darby canine kidney (MDCK) cells, b-catenin and APC form a complex with KIF3A/B (kinesins) through KAP3 (kinesin superfamily-associated protein 3). When KAP3 is inhibited, b-catenin localization to the cell cortex is disrupted, suggesting that b-catenin is transported toward the cell cortex by kinesin (Jimbo et al., 2002) . As KLP-18/kinesin is required for asymmetric WRM-1 localization in C. elegans, a similar kinesin-dependent transport system may be involved in WRM-1 nuclear localization. In zebrafish and Xenopus embryos, nuclear localization of the Smad2 protein is regulated by kinesindependent transport to the cell cortex, where Smad2 is phosphorylated by the activated TGF-b receptor (Batut et al., 2007) ; this phosphorylation is required for its efficient nuclear localization. Applying this mechanism to WRM-1, WRM-1 transported to the cell cortex by kinesins might also be modified to enhance its nuclear export. Although LIT-1 that localizes to the anterior cortex may be a candidate kinase to modify WRM-1 (Takeshita and Sawa, 2005) , it has been reported that LIT-1 is required for the nuclear import rather than export of WRM-1 (Nakamura et al., 2005) . Another possibility, not exclusive to the above model, is that microtubule-dependent transport of WRM-1 toward the cell cortex reduces WRM-1 in the perinuclear region, thereby promoting WRM-1 nuclear export due to a shift of equilibrium between nuclear import and export. The spindle asymmetry might cause this process to occur asymmetric manner, resulting in an uneven distribution of nuclear WRM-1 (Figure 7 ). Nuclear b-catenin asymmetry is also observed in two distantly related bilaterian superphyla (Ecdysozoa, C. elegans; Lophotrochozoa, Platynereis dumerilii) (Schneider and Bowerman, 2007) ; therefore, we expect that a similar mechanism for establishing b-catenin asymmetry, which may have originated in an ancient metazoan, may be conserved in a variety of organisms.
Microtubules Regulate Protein Nuclear Localization
Microtubules are required not only in the nuclear transport of Smad2, as described above, but also in localizing the cancer regulatory proteins p53, PTHrP, and Rb to the nucleus (Roth et al., 2007) . The tumor suppressor protein p53 forms a complex with polymerized microtubules and dynein. Introducing Table S1 . a microtubule-depolymerizing drug or an anti-dynein antibody into the cell inhibits nuclear localization of p53, suggesting that it is localized by dynein-dependent transport along microtubules (Giannakakou et al., 2000) . In all of the cases reported so far, the microtubules themselves were not shown to be regulated, even though they are required for regulating the nuclear localization of proteins. Our results reveal a method of regulating protein nuclear localization by controlling the microtubules. In the cells of any organism, various signals often prompt the remodeling of microtubule organizations through protein activity on the cell cortex (Gundersen et al., 2004) . Our results imply that such microtubule reorganization may have a direct impact on gene expression in the nucleus, as well as on cell polarity and shape.
EXPERIMENTAL PROCEDURES
C. elegans Culture and Strains All strains used in this study were cultured by standard methods (Brenner, 1974) . zen-4(or153ts) and cyk-4(t1689ts) mutants were grown at 15 C, and four-cell and three-fold embryos for the embryonic and postembryonic experiment, respectively, were shifted to 25 C. The following integrated transgenic lines were used: ruIs48 (Praitis et al., 2001) for GFP::b-tubulin; neIs2 (Nakamura et al., 2005) for GFP::WRM-1; osIs5 (Mizumoto and Sawa, 2007a) for WRM-1::GFP; wIs117 (Maduro et al., 2002) for GFP::POP-1; wIs27 (a gift from Joel Rothman) for end-1 promoter driven LacZ::GFP; tjIs8 (Motegi et al., 2006) for GFP::EBP-1; and kuIs46 (Chen and Han, 2001 ) for AJM-1::GFP. For generation of the GFP::APR-1 construct, a genomic fragment of apr-1 containing the fulllength coding sequence was amplified by PCR and inserted into pID3.01 (D'Agostino et al., 2006) . The plasmid was integrated by microparticle bombardment (Praitis et al., 2001 ) to create the GFP::APR-1 transgene osIs15.
RNAi
So that double-stranded RNAs (dsRNAs) could be produced, the following complementary DNAs (cDNAs) were used as templates: yk40c12 (apr-1), yk213d6 (wrm-1), yk714f1 (mom-2), yk55h11 (dsh-2), yk216a12 (mig-5), yk1084e03 (pry-1), yk1134d03 (klp-6), yk735h1 (klp-19), yk495d7 (bmk-1), yk616a7 (vab-8), yk1618h03 (klp-3), yk1466a11 (klp-15/klp-16), yk1547b05 (klp-18), and pMM414 (pop-1) (Maduro et al., 2002) . Embryos were collected 24-40 hr after the injection of dsRNAs or a transcription buffer as a control.
Microscopy and Analysis of Living Embryos
All embryos were dissected in an egg salt buffer from gravid hermaphrodites (Edgar, 1995) and handled individually with mouth pipettes. For live imaging, except for drug treatments, the embryos were mounted on 4% agar pads under a coverslip and sealed with Vaseline. Embryos were observed at room temperature by a CSU10 spinning-disc confocal system (Yokogawa Electric) mounted on an AxioPlan2 microscope (Carl Zeiss) with a Plan-Apochromat 1003 1.4 NA oil immersion lens. The specimens were illuminated with a diode-pumped solid-state 488 nm laser (HPU50100, 20 mW; Furukawa Electronic). Images were acquired in 0.5 mm and 2 mm serial Z sections for fixed and live embryos, respectively, with an Orca ER12-bit cooled CCD camera (Hamamatsu Photonics), and the acquisition system was controlled by IP lab software (2 3 2 binning; Scananalytics). Acquired images were processed with the IP lab software and Adobe Photoshop (Adobe Systems). Microtubule numbers were manually counted along three (center, 1.5 mm above and 1.5 mm below the center of centrosome) and a single (center of centrosome) focal plane selected from the serial images of fixed and live embryos, respectively.
Drug Treatments
Drugs were introduced into embryos as described previously (Hyman and White, 1987; Lee and Goldstein, 2003) . In brief, four-cell-stage embryos coated with trypan blue were mounted in an egg salt buffer on 0.1% poly-L-lysine coated coverslips, with Vaseline used as spacers. The drugs, (final concentration, 100 nM vinblastine [Wako], 10 mg/ml Nocodazole [SigmaAldrich], and 10 mM aurintricarboxylic acid [Sigma-Aldrich] in an egg buffer containing less than 0.2% DMSO), were introduced into the space to displace the egg salt buffer (Edgar, 1995) . To introduce the drugs without affecting cell division, we produced a hole on the eggshell by irradiating the trypan blue particles on it specifically, when the dividing EMS cell was at anaphase. Permeabilization of the eggshell was confirmed by the slight swelling or shrinking of the embryo.
Optically Induced Centrosome Disruption For centrosome irradiation, early-stage six-cell embryos were mounted on 0.1% poly-L-lysine-coated glass slides with Vaseline spacers, and irradiated with several pulses of a 2 mW pulsed nitrogen laser (VSL-337; Laser Science) as described (Labbé et al., 2004) . Five minutes after the onset of furrowing in the EMS cells, the slides were transferred into liquid nitrogen and immunostained as described below. Some embryos with abnormal nuclei, likely caused by the misirradiation of chromosomes, were discarded.
Immunostaining
Embryos were freeze-cracked and fixed in À20 C methanol for a-tubulin, g-tubulin, and GFP::APR-1 staining or, for GFP::WRM-1, GFP::POP-1 and LacZ staining, in À20 C methanol followed by À20 C acetone. For GFP::WRM-1 staining, after being fixed and washed, the embryos were incubated with Image-iT FX Signal Enhancer (Invitrogen) at room temperature for 30 min. The embryos were stained in the presence of 1% BSA (except for GFP::WRM-1 staining) with the following primary antibodies: anti-a-tubulin mouse monoclonal (clone DM1a; 1:1000; Sigma-Aldrich), anti-g-tubulin rabbit polyclonal (LL-17; 1:1000; Sigma-Aldrich), anti-GFP rabbit polyclonal (1:1000; Invitrogen), or anti-LacZ mouse monoclonal (Z378; 1:1000; Promega). Primary antibodies were detected by goat anti-mouse Rhodamine-X (1:1000; Invitrogen), goat anti-rabbit Fluorescein (1:1000; Invitrogen), or goat antimouse Alexa 568 highly cross-adsorbed (1:1000; Invitrogen). For endogenous POP-1 staining, embryos were fixed and immunostained as described previously (Sugioka and Sawa, 2010) with an anti-POP-1 antibody (Lin et al., 1998) .
Quantification of Fluorescence Intensities
The average fluorescence intensities of the GFP::WRM-1, GFP::POP-1, and endogenous POP-1 signals in the nuclei were quantified by IP lab software (Scanalytics), subtracting the background fluorescence, which was defined as the average intensity in a cytoplasmic region of similar size. The values were used to calculate the total nuclear fluorescence. The fluorescence intensities of cortical GFP::APR-1 were quantified using images of the mid-plane (e.g., Figure 3 , left panel), and the values were divided into the anterior and posterior regions at the centers of the apical and basolateral cortex.
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